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INTRODUCTION
ZnO is a semiconducting material, which has a direct wide-band gap (Eg~ 3.3 eV) at room temperature (RT) with a large exciton binding energy of 60 meV. [1] ZnO is attracting attention because of its multiple applications such as light-emitting diode, transparent conductor oxide, varistor, surface acoustic wave device, piezoelectric transducer, chemical gas sensor, biosensor and as window material for display and solar cells. [2] It is well known that the electrical and optical properties of ZnO can be tuned by modifying its electronic structure via extrinsic doping with selective elements. Transition metal (TM) doping in ZnO nanostructures has been proposed to develop dilute magnetic semiconductor (DMS) which will make them attractive for new nanoelectronic and spintronics applications. [3] These DMS materials have attracted much attention as promising functional materials because of the possibility of manipulating, in a controllable way, charge and spin degree of freedom of free carriers in a single substance. [4] These materials must exhibit an intrinsic ferromagnetism at RT or above arising from the doped matrix. To satisfy such system, the foreign atoms should be distributed the most homogeneous manner as possible in the crystalline structure of the host semiconductor. The role of Co ions on the magnetism in this TM doped ZnO system has been widely explored both theoretically and experimentally with poor agreement in the reported results. In relation with the theoretical studies Lee and Cheng [5] found that the spontaneous magnetization is not possible in intrinsic Co doped ZnO, that the ferromagnetic (FM) coupling is short ranged and that a high concentration of both Co ions and electron carriers are needed to achieve ferromagnetism. On the other hand, the theoretical studies by Spaldin [6] and Gopal and Spaldin [7] resulted in that the energy difference between the antiferromagnetic (AFM) and FM couplings was very small. Therefore paramagnetic (PM) behavior was predicted in the absence of free carriers, but when holes were introduced by creating Zn vacancies, the FM state was then stabilized. The influence of Co concentration on the magnetic interactions is also not clear. While some groups reported room temperature ferromagnetism for 25 at.% and lower concentrations (≤ 15 at.%) of Co, other groups reported the absence of FM behavior. [3] Now, regarding the experimental investigations, Kittilstved and Gamelin [8] and Schwartz et al [9] have studied Co 2+ doped ZnO thin films and evidenced chemical activation of long-range FM coupling mediated by shallow donor electrons. Lawes et al. [10] reported absence of ferromagnetism, but dominant AFM interaction, down to 2 K in bulk Zn1-xCoxO with 0.02 ≤x ≤ 0.15. Mesaros et al. [11] prepared Zn1-xCoxO (x = 0.05, 0.10, and 0.15) nanoparticles using a wet-chemical synthesis route, and from their temperature dependence of the EPR integral intensity, a FM behavior was revealed for the samples.
However, a possible origin for this magnetic interaction was not provided. Fu et al. [12] prepared Co doped ZnO nanomaterials by using a hydrothermal method, and discussed that the observed ferromagnetism originates probably from the Co 3+ enrichment and the coexistence of Co 2+ /Co 3+ on the particle surface, which may lead to the super-exchange or a double-exchange mechanism between those ions. Gandhi et al. [13] synthesized by a coprecipitation method Co doped ZnO nanoparticles and reported that the donor defects, such as oxygen vacancies and zinc interstitials, were found to be the main reasons for the observed room temperature ferromagnetism (RTFM). On the other hand, Acosta-Humánez et al. [14] studied using EPR some Co doped ZnO nanoparticles prepared by a sol-gel method. The authors reported that the ferromagnetism of the materials is governed by FM coupling among cobalt ions, but a possible microscopic mechanism is not offered. Now,
Hays et al. [15] studied sol gel-synthesized Zn1−xCoxO (0 ≤x ≤ 0.12) nanoparticles, and found a PM behavior with increasing AFM interactions as x increased to 0.10. They also reported a weak FM behavior for the sample with x = 0.12, and proposed that this high Co concentration and appropriate oxygen stoichiometry may be needed to achieve adequate FM interaction between the Co 2+ ions. Kumar et al. [16] investigated sol-gel synthesized Zn1-xCoxO (0 ≤x ≤ 0.04) nanoparticles and reported RTFM in the samples which increases with increasing Co concentration. They suggested that the joint effects of the intrinsic exchange interactions arising from oxygen vacancy assisted bound magnetic polarons and the grain boundary effects were responsible for the RTFM in this system. Tahir et al. [17] prepared Co doped ZnO nanorods and found that surface defects such as oxygen vacancies are likely a source of RTFM. They mentioned that oxygen vacancies are likely to congregate at low-energy (101) and (100) surfaces, instead of inside the bulk.
Clearly, from this short controversial literature review, it is noticed that more investigations are still required. In this paper, we carefully characterize the crystallographic, vibrational, optical and magnetic properties of Zn1-xCoxO (0 ≤x ≤ 0.10) nanoparticles prepared by a solgel method. The main goals are to: (i) provide information about the solubility limit of Co dopant ions in ZnO lattice, (ii) search for the oxidation and spin states of Co ions, (iii) discern the participation of Co in the RTFM signal, (iv) infer about the preferred location of the Co (Co  2+ and/or Co   3+ ) ions in the ZnO lattice, and (v) to contribute to the understanding of the role of cobalt ions on the magnetic properties of Co doped ZnO.
EXPERIMENTAL DETAILS
Zn1−xCoxO (0.0 ≤ x ≤ 0.10) nanopowders were prepared by the citrate precursor method based on the modified Pechini process. [18] Required amounts of Zn(NO3)2·6H2O, Co(NO3)2·6H2O, citric acid (CA), ethylene glycol (EG), ammonia solution and deionized water were used for the preparation of the starting sol. The black powder precursors resultants after the polyesterification reaction were annealed in a tubular furnace at 550 °C (heating rate: 5 °C/min) in air atmosphere for 1 and 3 h. To obtain insight into possible Co impurity phases which might be formed under these synthesis conditions, Co3O4 was also prepared following identical synthesis procedures. These fine powders of the as-obtained products were characterized by X-ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR), optical absorption measurements, X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR) and variable temperature magnetic measurements. Detailed experimental section and characterization studies were carried out following procedures as described previously in references [19] and [20] . Figure 1 presents the XRD refined patterns of Zn1-xCoxO samples annealed for 1 h along with that of Co3O4 sample prepared as reference. The hexagonal würtzite ZnO crystal structure was discerned as the only phase in the Zn1−xCoxO nanopowders with x in the range of 0.0 ≤ and Bragg R-factor for secondary phase). The result is that this phase accounts for 0.5 and 0.9 wt. % in the XRD patterns of x= 0.08 and 0. It is worth mentioning that the Williamson-Hall plot [27] did not show linearity neither in undoped nor in Co doped ZnO samples by contrast, scattered points were observed, which could indicate that this preparation method gives rise to non-homogeneous particle shape and size distributions. Figure 3 shows the FTIR spectra in the wavenumber range of 400-4000 cm -1 for Zn1−xCoxO with x = 0, 0. this latter is evident in Zn1−xCoxO samples with x ≥ 0.05. As x increases from 0 to 0.05, the peak at 380 nm sharply decreases and suddenly disappears at x = 0.03. On the other hand, the relative intensity of the peak located at 420 nm increases and is shifted to higher wavelengths with increasing x up to x = 0.05 and then it remains almost constant onwards.
RESULTS

X-ray Diffraction:
Fourier transformed infrared spectroscopy:
Regarding to the broad peak located at ~510 nm, this does not change the position with increasing Co 2+ ions, but weakly increases its intensity. Let us now briefly discuss the origin of these two additional humps. Patra et.al [33] have proposed that the band located at 425 nm in the spectrum of Co doped ZnO can be assigned to the presence of Co 3+ ions tetrahedrally coordinated with oxygen corresponding to 5E to 5 T2 transition. However, this interpretation should be taken with care because according to XPS and EPR results (presented below) the presence of Co 3+ is only detected in Zn1-xCoxO samples when x reaches 0.05. On the other hand, Schwartz et. al [9] in Co doped ZnO nanocrystals have ZnCo2O4, due to the overlapping of these Co 3+ components in XPS spectra. From Figure 6 (d) can be seen that the strong SS of the 2p core level increase with x from 0.03 to 0.05, which imply that the electronic state of Co 2+ ions is largely in high spin arrangement, resembling that of CoO rather than that of Co3O4 or ZnCo2O4, which can also be deduced from the lack of SS in the latter compounds. In order to confirm if any secondary phase is present in the Zn0.95Co0.05O sample, we have recorded XRD patterns with extended accumulation time enhancing the detection limit considerably (data not shown). This pattern did not reveal any phase other than ZnO, even when plotted in logarithmic scale.
Additionally, careful analysis of the spectra for Zn1-xCoxO (0.01 < x < 0.05) did not show any noticeable change in the peak positions of Zn 2p and O 1s core level upon increasing the Co content, ruling out the presence of any impurity phase [19] . According to the Shannon ionic radii Figure 7 illustrates the experimental EPR spectra recorded at a chosen temperature of 5 K for Zn1-xCoxO with 0.01 ≤ x ≤ 0.10 annealed for 1 h. In these types of compounds, the cobalt atoms substitute the zinc atoms and the neutral charge state is commonly Co 2+ (3d 7 configuration). 59 Co has I=7/2 which gives rise, in single crystals, to an eight line hyperfine pattern, when the magnetic field is along the caxis. [11] , [47] The spectra are composed of a dominant sharp peak centered at around 1526 G (gx= gy= 4.6) and a weaker and relatively broad signal at 3015 G (gz= 2.2). [48] , [49] and the EPR line at 2800 G, probably attributed to the Co3O4, were not detected. [11] It is worth mentioning that seven hyperfine components (average hyperfine coupling constant A ~ 200 G), around the signal located at 3015 G, marked by arrows in the inset (a) of Figure 7 , can be observed in the spectrum of Zn0.99Co0.01O sample.
Electron Paramagnetic Resonance:
As Co doping concentration increases, the hyperfine splitting disappears due to increased interaction between the doped Co 2+ ions. From Figure 7 , it can be seen that the 1500 G signal became increasingly broadened (from 130 to 450 G) with increasing Co concentration. This behavior is correlated to the large concentration of spins of the isolated Co 2+ ions, which is known to contribute to the broadening of the signal. It is well known that the EPR spectra of the Co dopant in the ZnO nanopowders depend strongly on the Co concentration and that the area under the integrated spectrum is proportional to the spin concentration. In order to investigate this variation, the EPR spectra have been performed keeping all controllable experimental parameters constant such as microwave power, frequency, field modulation and sample mass. Inset (b) of Figure 7 shows the double integration of the corresponding experimental EPR spectra plotted as a function of x. It is noted that initially the EPR signal intensity increases from x = 0.01 to x = 0.03, reaching a maximum at this concentration and then decreases as x increases. These results, along with the XPS data discussed above, strongly point out that a significant fraction of the ions such as ZnCo2O4.
3.6
Magnetic Measurements: Figure 8 shows 
DISCUSSION
In brief, we will summarize the analysis of the different data collected using the various N values which were obtained from and are around 10 13 /cm 3 , which is very small in comparison to required concentration of BPMs (~10 20 /cm 3 ) for percolation in ZnO. [50] Additionally, is observed that this value decrease slightly with increasing Co concentration.
Thus, the BPMs model is insufficient or not appropriated to explain RTFM in these Co doped ZnO samples. Thus, BPMs model does not seem to explain this behavior, then, it is necessary search for other type of models more commensurate with our results. Now, it was observed that in Zn1-xCoxO sample with x = 0.05, there was a mixed valence of Co ions (Co 2+ and Co 3+ ) without the presence of impurity phase and a reduction of the Ms.
The charge transfer ferromagnetic model, proposed by Coey et al. [51] , [52] In our previous paper we discussed the physical origin of the FM signal in Fe-Co co doped ZnO samples. [19] In that work the integral intensity of the EPR signal corresponding to the Co 2+ ions was adequately fitted using the Curie law. The results from these fits showed negative Curie-Weiss temperature values suggesting that some Co 2+ ions were weakly FM coupled. Therefore, we could expect a similar trend in the present samples, because they were prepared in the same way. Moreover, Acosta-Humánez et. al [14] , Mesaros et al. [47] and Raita et al. [47] also reported FM coupling of Co ions in Co-doped ZnO nanoparticles prepared by modified sol-gel methods using EPR.
On the other hand, Straumal et al. [53] have proposed that the main factor controlling the ferromagnetic behavior of Co-doped ZnO is the value of the specific grain boundary area (sGB). According to the authors, the Co doped ZnO becomes ferromagnetic if sGB is higher than a certain threshold value sth = 1.5 × 10 6 m 2 /m 3 . The sGB value can be calculated by using the formula sGB = 1.65/Dv, where Dv is the mean crystal size.
[54] Our samples
shows typical values of sGB = 3,7 × 10 7 m 2 /m 3 , which is much higher than sth. Therefore, FM can also arise due to the grain boundary in doped nanoparticles. This model could also contribute to the RTFM signal in our samples. Finally, the formation of different types of intrinsic defects and the perturbation/alteration and/or changes in the electronic structure of ZnO due to the incorporation of the Co 2+ ions can be additional sources of FM in these samples.
CONCLUSIONS
We investigated in detail the crystallographic, optical, electronic and magnetic properties of sol-gel synthesized undoped and Co doped ZnO nanopowders. Within the detection limit of the techniques we found that the samples with less than 8 at. % of Co content were free of spurious phases, suggesting that the solubility limit were below that value. For the impurity-free samples, the high spin Co 2+ ions replaced the Zn 2+ ions at the ZnO lattice and 
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